Introduction
[2] Remote sensing satellite algorithms and products for surface radiation have been developed since 1970s [Pinker et al., 1995] . Two representative satellite products of surface radiation budget are the Global Energy and Water cycle Experiment -Surface Radiation Budget (GEWEX-SRB) [Cox et al., 2006] and the International Satellite Cloud Climatology Project -Flux Data (ISCCP-FD) [Zhang et al., 2004] . Surface radiation components of the two products were widely assessed by the data developers [Cox et al., 2006; Zhang et al., 2004] and other researchers Liu et al., 2005; Xia et al., 2006; Raschke et al., 2006] , but observations used in these assessments were generally collected in lowland areas, and the errors of these satellite products for highlands are virtually unknown.
[3] In this study, we presented comparisons between the two satellite products and instrumental data in the elevated Tibetan Plateau. The plateau has small air mass (nearly half of the sea level) and low aerosol concentration (almost the lowest) that results in high solar radiation and low longwave radiation. Because radiation algorithms are usually developed, calibrated and validated with data collected in lowland areas, systematic errors associated with elevation and elevation-relevant atmospheric environment can be too small to be detected in lowland areas, but these errors can become identifiable in highland areas. Therefore, Tibet is an ideal region for validating radiation schemes and satellite products. This evaluation is also helpful for data users to be aware of satellite data quality for highland areas, where observations of radiation and sunshine in these areas are usually too sparse to satisfy hydro-meteorological studies, and the satellite products are almost the only sources of radiation data.
Data
[4] In situ data were collected through GEWEX Asian Monsoon Experiments -Tibet (GAME-Tibet) in an intensive observing period (IOP, May$September) 1998 [Koike et al., 1999] . Figure 1 shows the observing network and Table 1 shows basic information of radiation sites, including ten downward shortwave radiation (SWD) sites, six upward SW (SWU) sites, and five downward and upward longwave radiation (LWD and LWU) sites. All their elevation was above 4000 m MSL. For a good representativeness, the sites were deployed along a north-south transect and a west-east transect and half of them in an 150 km Â 250 km mesoscale area. For MS3608 site, the measured SWD in many hours are much higher than the clear-sky SWD estimated by a high-accuracy model by Yang et al. [2006] , and even frequently higher than the solar constant. Therefore, this site was excluded from the following assessment.
[5] In this study, we assessed the 3-h products of a prerelease version (v2.5) of GEWEX-SRB and the newest version of ISCCP-FD [Zhang et al., 2004] . SRB calculates SW by Pinker and Laszlo [1992] scheme and LW by Fu et al. [1997] scheme, and FD calculates SW and LW by a radiative transfer model [Zhang et al., 1995 [Zhang et al., , 2004 . SRB uses cloud cover and radiance based on the information of all the ISCCP-DX 30 km pixels within each 1°Â 1°cell [Cox et al., 2006] while FD uses cloud cover, top temperature, optical thickness, and phases based on 15 cloud types in ISCCP-D1 280-km equal-area map with additional climatologies for cloud particle size and vertical structure [Zhang et al., 2004] . See Rossow and Schiffer [1999] for details of DX and D1 data. SRB has a spatial resolution of 1 degree, and FD is 2.5 degree. The correspondence between the sites and SRB and FD grids was shown in Table 1 .
Results
[6] Figure 2 shows the monthly-mean diurnal variations in the meso-scale area of East Tibet, where one SRB (FD) grid covers three (four) observational sites. It shows that significant errors in SRB SWD and FD LW exist throughout the observing period, so the errors are systematic rather than random. Large errors in diurnal variations of SRB SWD can reach 100 W m
À2
. It also shows that the spatial variability is smaller than the differences between satellite products and the observations, suggesting that the under-estimation cannot be explained by spatial heterogeneity of radiation.
[8] Table 3 shows the errors in monthly -mean satellite SWD and LWD in the literature, compared with this study. It is clear that the errors in SRB SWD and FD LWD are much higher in Tibet than in other regions.
Discussions on Error Sources

Elevation Differences
[9] The altitudes at observational sites are usually lower than corresponding SRB and FD grids (see Table 1 ). LWD is sensitive to these differences in altitude. Following Wild et al. [2001] , a height correction of 2.8 W m À2 per 100 m was applied to satellite LW. This correction reduces MBE by 7-10 W m À2 , and the remaining errors in SRB LW are comparable to early studies, but the errors in FD LW are still very large (Table 4) . For SW, any altitudinal correction will Figure 1 . GAME-Tibet experimental map, IOP 1998. Ten radiation sites are marked with solid dots, and half of them were deployed in a mesoscale region (91 -92.5°E, 30.5 -33°N). result in larger errors, because of the higher grid elevation (see Table 1 ).
Input Data Accuracy
[10] The estimated LW is sensitive to air temperature and humidity profiles, particularly to their near-surface values and surface skin temperature [Zhang et al., 2006] . In Table  5 , we compared observed (or estimated from observations) and ISCCP surface skin temperature (T sfc ), surface air temperature (T air ), and precipitable water (PW). It shows observed T sfc and T air are, respectively, 11 K and 10 K higher than ISCCP data on average, and the observed PW is 30% higher than ISCCP. According to Zhang et al. [1995 Zhang et al. [ , 2006 sensitivity studies, 11 K difference in T sfc would cause 56-60 W m À2 underestimate of LWU, 10 K difference in T air would cause 44 W m À2 underestimate of LWD, and PW and surface pressure differences probably cause a few W m À2 underestimate of LWD. So these errors in input data can account for most of the FD LW errors. This recalls the importance of in situ observations in highland remote regions.
Algorithm Error
[11] As addressed by Yang and Koike [2005] , elevation has a significant effect on solar radiation transfer. Observed SW in the elevated Tibet can be 10%$30% higher than in lowlands. SRB adopted Pinker and Laszlo's [1992] algorithm for SW calculation. Its calculation is based on reflection/transmission look-up tables produced by a radiative transfer code. However, current lookup tables were all normalized relative to mean sea level without a further elevation effect on Rayleigh scatter taken into account. Reflection/transmission tables are used to compute a surface albedo from the clear-sky radiance values. Thus, the Rayleigh scatter overestimate will darken the surface albedo for highlands. Then, the clear-sky aerosol optical depth and cloudy-sky cloud optical depth are tuned to match the TOA (top of atmosphere) estimate of the planetary albedo with that errant surface albedo. Thus, the faulty assumption Figure 2 . Monthly-mean seasonal and diurnal variations of surface radiation budget at three Eastern Tibet sites (Naqu, MS3478, MS3637) in one SRB/FD grid, compared with satellite products. propagates all aspects of the code wrongly trying to compensate for the imbalances. Other SRB versions (v2.0, v2.6 ) also contain the algorithm error. After correcting the error and raising the solar constant from 1359 W m À2 up to 1367 W m
À2
(the value in FD), the SRB SWD is generally improved up to about the same level as ISCCP FD.
Surface Properties
[12] Surface albedo is crucial for calculation of SWU. SRB and FD SWU was generally under-estimated due to too small surface albedo. The average observed albedo in the plateau sites is 0.22, but SRB gives 0.19 and FD gives 0.17. An exception is SQH site in West Tibet, where SRB gives much higher SWU values than observations and FD, because of too high albedo in SRB.
Conclusions and Comments
[13] This study assessed two satellite products of surface radiation budget for highlands with Tibet instrumental data. It was found that GEWEX-SRB SW and ISCCP-FD LW were severely under-estimated for Tibet. These errors for Tibet (perhaps also for other highland regions) are much larger than in lowland regions. With the help of SRB team, it was recognized that the elevation effects were not effectively accounted for SRB SW calculation [Laszlo and Masuda, 2006] . On the other hand, we found that the underestimation of ISCCP-FD LW was due to large errors in input humidity and temperature profile as well as surface skin temperature. As a result, the total SWD and LWD were under-estimated by 50-60 W m À2 or 10% for SRB and FD, respectively. Because SWD and LWD are important input of many hydro-meteorological studies, we recommend the two teams to reanalyze all ancillary data and reprocess their products, at least for highland regions like Tibet, as is being done by SRB team. Similar recommendation has been made by Raschke et al. [2006] .
[14] This study also addresses the importance of the Tibet instrumental data. Atmospheric conditions in Tibet (small air mass and low aerosol concentration) are contrast to lowland areas, and therefore Tibet instrumental data could be a benchmark for verifying universal applicability of radiation schemes and satellite products. ] with T air (K) and rh(%). The formula was validated with 366 samples of precipitable water derived from sonde sounding profiles.
